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(57) ABSTRACT

A method, systems, apparatus and device enable high band-
width satellite communications. An onboard tracking detec-
tor, installed in a low-earth orbit satellite, detects a position of
an incoming optical beam received/transmitted from a first
ground station of one or more ground stations. Tracker elec-
tronics determine orientation information of the incoming
optical beam based on the position. Control electronics
receive the orientation information from the tracker electron-
ics, and control a waveguide drive electronics. The waveguide
drive electronics control a voltage that is provided to an
electro-optic waveguide beam steering device. The electro-
optic waveguide beam steering device steers an outgoing
optical beam to one of the one or more ground stations based
on the voltage.

12 Claims, 5 Drawing Sheets
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HIGH BANDWIDTH OPTICAL LINKS FOR
MICRO-SATELLITE SUPPORT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. Section
119(e) of the following commonly-assigned U.S. provisional
patent application(s), which is/are incorporated by reference
herein:

Provisional Application Ser. No. 61/899,700, filed on Nov.
4, 2013, by Tien-Hsin Chao, Keith E. Wilson, and Keith
Coste, entitled "High Bandwidth Optical Links for Micro-
Satellite Support".

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND DEVELOPMENT

The invention described herein was made in the perfor-
mance of work under a NASA Contract, and is subject to the
provisions of Public Law 96-517 (35 USC 202) in which the
Contractor has elected to retain title.

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates generally to satellite based

communications, and in particular, to a method, apparatus,
and article of manufacture for conducting high bandwidth
optical communication between a satellite and a ground sta-
tion.

2. Description of the Related Art
Low earth orbit (LEO) satellites are commonly used for a

variety of tasks including earth observation, spy satellites,
conducting experiments (e.g. on the International Space Sta-
tion), etc. Ground-to-space communication with such satel-
lites is crucial. High-speed free-space optical (FSO) laser
communications have been used for ground-to-space links.
Optical wireless free space communications involving mov-
ing parties (e.g., satellites), especially at extra-long distances,
require precise beam pointing and tracking.

To transmit data to a satellite, ground stations commonly
transmit an optical beam to a satellite (whose location may be
known based on ephemeris data). To transmit data from the
satellite to the ground station, the satellite steers an optical
beam down to the ground station using opto-mechanical
methods (e.g., a gimbal). However, beam steering using dif-
fractive elements including liquid crystal (LC) arrays, MEMs
(micro -electro -mechanical) arrays, electro-wetting arrays, or
any other grating elements suffer many drawbacks. For
example, the grating efficiency drops as the scan angle
increases which inherently limits all of the above approaches
to small angle scanners and therefore necessitates compli-
cated multi-stage designs. Further, the above approaches do
not realize sufficient control over light. In this regard, the
above approaches are inherently mechanical and therefore
impose vibration and inertia design challenges, while also
providing only limited control over optical phase. In view of
the above, what is needed is a method for establishing satel-
lite-to-ground communications that do not rely on opto-me-
chanical methods and eliminate the drawbacks set forth
above.

SUMMARY OF THE INVENTION

Embodiments of the invention overcome the problems of
the prior art. Onboard systems of an LEO satellite, are able to

2
detect and determine the position/orientation of an uplink
beam transmitted from a ground station. Such a ground sta-
tion may be at a fixed location on Earth or may be a moving
vehicle (e.g., a plane and/or other satellite). The position/

5 orientation information are used to control a voltage that is
applied to an electro-optic waveguide beam steering device.
The voltage alters the properties/attributes of a liquid crystal
cladding of the waveguide beam steering device in a deter-
minable manner. Such an alteration of the properties of the

10 cladding (i.e., the index of refraction of the cladding), enables
an outgoing laser beam to be steered in a discernable direction
(i.e., based on the voltage applied). Accordingly, based on the
orientation/position of an incoming uplink beam, the system

15 utilizes a waveguide beam steering device to steer an outgo-
ing downlink beam (that originates from a source within the
LEO satellite and is different from the incoming beam) in a
completely non-mechanical manner.

20 BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference
numbers represent corresponding parts throughout:
FIG.1 illustrates a high-bandwidth satellite downlink com-

25 munication system in accordance with one or more embodi-
ments of the invention;
FIG. 2 illustrates an exemplary multi-access FSO network

that utilizes an electro-optic waveguide beam steering device
in accordance with one or more embodiments of the inven-

30 tion;
FIG. 3A illustrates a 3D view and FIG. 3B illustrates a side

view of a liquid crystal (LC) waveguide of an exemplary LC
waveguide that may be utilized in accordance with one or

35 more embodiments of the invention;
FIG. 4 illustrates an exemplary 1D LC-waveguide beam

steerer that may be utilized in accordance with one or more
embodiments of the invention;
FIG. 5 illustrates an exemplary receiver that may be used

40 for downlink tracking and pointing in accordance with one or
more embodiments of the invention; and
FIG. 6 illustrates the logical flow for steering an optical

beam on a LEO satellite in accordance with one or more
embodiments of the invention.

45

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the following description, reference is made to the
5o accompanying drawings which form a part hereof, and which

is shown, by way of illustration, several embodiments of the
present invention. It is understood that other embodiments
may be utilized and structural changes may be made without
departing from the scope of the present invention.

55 System Overview
To overcome the problems of the prior art, embodiments of

the invention provide and control a beam steering device that
utilizes waveguide technology (e.g., liquid crystal waveguide
technology). FIG. 1 illustrates a high-bandwidth satellite

6o downlink communication system 100 in accordance with one
or more embodiments of the invention. System 100 is
installed onboard a satellite (e.g., CubesatTM satellite). An
incoming optical beam 102 (e.g., a 976 mn beacon laser) is
received into system 100. Such an incoming optical beam 102

65 is transmitted from aground station (e.g., via telescope that is
transmitting a broad laser beam up to the satellite) (i.e., from
a first ground station of one or more ground stations). The
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ground station may utilize radar tracking to identify the
(rough) location of the LEO satellite (e.g., using ephemeris
data).

Receiver aperture lens 104 focuses the incoming optical
beam 102 onto the tracking detector 106. The onboard track-
ing detector 106 receives the focused incoming optical beam.
Tracker electronics 108 and the detector 106 are utilized to
determine/detect a position/orientation of the incoming opti-
cal beam 102. The detector 106 may consist of a quadrant
avalanche photodiode tracking detector and/or other very
sensitive high speed detector. A typical on board tracking
detector 106 is one with high responsivity and low noise
equivalent power (NEP). A point design detector for a 1060
mn uplink beacon 102 is a P-type silicon PIN quadrant pho-
todiode tracker with 0.45 A/W responsivity, <7E-11 W/Hz
NEP and 80 sqmm active area. InGaAs quadrant detectors
with appropriate performance would be used for a 1500 mn
uplink beacon 102. By detecting of the position/orientation of
the incoming optical beam 102, the detector 106 and tracker
electronics 108 can track where the laser beam 102 is coming
from (i.e., the location of the ground station transmitting the
incoming optical beam 102).

The tracker electronics 108 provide the position/orienta-
tion information to the control electronics 110. The control
electronics 110 control the waveguide drive electronics 112
that drives the electro-optic waveguide beam steering device
114 that steers the outgoing optical beam 116 to a ground
station (e.g., one of the one or more ground stations). In this
regard, the waveguide drive electronics 112 provide different
voltages to the electro-optic waveguide beam steering device
to steer the beam 116 to the correct location. The outgoing
beam 116 originates from an on-board light beam source such
as a modulated 808 mn diode 118. One or more coupling
lenses 120 form/focus the beam from light beam source 118
onto the waveguide 114 (which steers the beam 116 to the
desired ground station(s)).

Thus, the control 110 and tracker electronics 108 registers
the location of the uplink beacon 102 and downlink beams on
the quadrant detector 106 and provides feedback to the
waveguide electronics 112 to steer the downlink beam 116
pointing to the position of the ground station. The waveguide
electronics 112 receives its input from the control electronics
110 and applies the appropriate amplification of the voltage
applied to the waveguide 114 to achieve the desired downlink
beam 116 deflection. Beam steering of +/-12 degrees has
been demonstrated in the lab for an applied voltage of +/-4
volts. In a typical application the track excursion would be
+/-45 degrees corresponding voltages of less than +/-20V.
Of particular note is that the satellite is moving at approxi-

mately 17,000 mph. The average angular rate of a LEO sat-
ellite relative to the ground station is less than 1 degree/
second. Accordingly, the tracker electronics 108, control
electronics 110, and waveguide drive electronics 112 would
need to operate at speeds of 60 Hz in order to adjust the beam
steering angle so that it remains locked onto the desired
ground station. Further, due to the accuracy and speed
required for directing the outgoing light beam 116, embodi-
ments of the invention rely on the electro-optic waveguide
beam steering device 114 instead of a mechanical mount such
as a gimbal device.
Free Space Optical (FSO) Communications

In additional embodiments of the invention, free space
optical (FSO) communications may be enabled using an elec-
tro-optic waveguide beam steering device 114 described
herein. FIG. 2 illustrates an exemplary multi-access FSO
network 200 that utilizes such a device 114 in accordance
with one or more embodiments of the invention. A geosyn-

_►,

chronous (GEO) satellite 202 emits multiple high-bandwidth
(up to 40 G-bit) optical links (e.g., utilizing device 114) to
communicate with moving vehicles (e.g., airplanes 204)
within a theater area 206 (e.g., of 1000 km2). The electro-

5 optic waveguide beam steering device 114 may be used both
within the satellite 202 and/or the moving vehicles 204.
Use of the electro-optic waveguide beam steering device

114 provides unprecedented cost, Size, Weight, and Power
(SWaP) efficiencies/benefits, thereby enabling multi-access

io FSO deployment on previously inaccessible platforms.
Electro-Optic Waveguide Beam Steering Device
The electro-optic waveguide beam steering device 114 uti-

lizes electro-optic attributes/capabilities to steer an outgoing
optical beam 116 to a desired location. Such a device 114 may

15 also be referred to as a non-mechanical 2D (two dimensional)
electro-optic (EO) beam scanner. As described above, prior
art beam steering have many drawbacks/disadvantages.
Embodiments of the invention utilize refractive elements of
an electro-optic waveguide beam steering device 114,

20 wherein a dramatically large electro-optic effect enables
Snell's law refractive scanning. Further, use of such electro-
optic waveguide beam steering device 114 enables 2D wide-
angle beam scanning in a manner that is completely non-
mechanical. One exemplary electro-optic waveguide beam

25 steering device 114 is the LC waveguide based electro-optical
beam scanner available from Vescent Photonics Inc.TM
FIG. 3A illustrates a 3D view and FIG. 3B illustrates a side

view of a liquid crystal (LC) waveguide of an exemplary LC
waveguide that may be utilized in accordance with one or

30 more embodiments ofthe invention. The basic geometry of an
LC waveguide consists of input light 302 that is focused/
confined to a core 304 using cylinder lens 306. The LC con-
sists of air top cladding 308 and an electro-optic upper clad-
ding 310 (i.e., having a voltage tunable propagation constant).

35 As the index of refraction of the upper cladding 310 is tuned
(e.g., by applying a desired voltage), the "effective index" of
the guided mode is also tuned.

Referring to FIG. 313, in a slab waveguide, the light 302 is
guided in the x dimension 312, but is free to propagate as

40 Guassian beams, sheets, or even 1D images in the yz plane.
Further, rather than transmitting through an LC cell, which by
design must be thin, the LC waveguide utilizes the LC as an
active cladding layer 310 in a waveguide architecture (i.e., the
light 302 skims along the surface of the LC alignment layer

45 314). Accordingly, unlike traditional LC, the light 302 never
crosses a transparent electrode, the light only interacts with
the well-behaved LC surface layer via an evanescent field,
and the interaction length is decoupled from the LC-layer
thickness. As further illustrated, a glass cover plate 316 is on

50 top of the ITO (indium-tin oxide)/electrode and LC alignment
layer 318. The light 302 is confined to the core 320 between
the upper cladding 306 and lower cladding 322 which is
grown on a p-doped silicon substrate 324. Thus, the voltage
maybe applied via the electrode/ITO alignment layer 318 and

55 tuning the index of refraction of the upper cladding 306.
FIG. 4 illustrates an exemplary 1D LC-waveguide beam

steerer that may be utilized in accordance with one or more
embodiments of the invention. The configuration is similar to
the beam steerer of FIG. 3A but for the use of a prism-shaped

60 electrode 402. A control voltage is applied to the prism-
shaped electrode 402 having a non-normal interface to the
beam propagation direction. As voltage is applied, the index
under the patterned electrode 402 is changed relative to the
surrounding area and the outgoing beam is steered via Snell's

65 law refraction.
In embodiments of the invention, custom shaped elec-

trodes/waveguides may be used to steer a beam up to 180
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degrees. For example, a 1-cm wide beam may be steered over
50 degrees using racetrack shaped electrodes. Similarly, a
curved "Ulrich" out-coupler may be used in combination
with race-track shaped electrodes to steer a 1-cm wide beam
up to 180 degrees. Out-of-plane steering (e.g., extending 5

steering from 1 D to 2D) may be conducted by adding such an
"Ulrich" typedbeam coupler. Referring to FIG. 313, the use of
such an "Ulrich" coupler causes the light propagating in the
core 320 to "leak" out from the region of thinned lower
cladding 322 into the silicon substrate 324. Refraction at the io
silicon interface (i.e., between the lower cladding 322 and the
substrate 324) can yield a 1 cm beam and may double the
steering angle. In addition, full 2D electro-optical steering
may be provided using a 3-electrode device that takes a col-
limated input beam and provides a voltage steerable colli- 15

mated output beam.
In view of the above, waveguide based EO scanner capa-

bilities may include wide angle EO scanning of 1 cm aperture
in a very compact (e.g., —2 cm3) and low power (µWs), and
simple (3-control electrodes) package, a 7 cm long optic 20
head, steering a 1 cm beam by 90°x60°, and a beam steering
angular resolution of <1 mrad. Further capabilities may
include very large scan angles (180°x60'), large diameter
beams up to 10's of centimeters, beam resolution that can be
increased 100x to 10 µrad, multiple channels emitting from a 25
single chip for multi-access, and extremely high bandwidths
(e.g., up to T-bits).
Ground-to-Space Communications
As described above, embodiments of the invention utilize

an electro-optic waveguide beam steering device to steer an 30
outgoing beam onboard a satellite to a ground station. Simi-
larly, such an electro-optic waveguide beam steering device
may be used in a ground station to steer a beam to a satellite
or other moving vehicle. Further yet, the electro-optic
waveguide beam steering device may be utilized to enable 35
communication between a satellite and any moving vehicle.
A satellite may be tracked from ephemeris data/file in order to
determine where to steer a beam from the ground to the
satellite. The satellite passes selected for transmission maybe
based on stored data volume, the Sun-Earth probe angle, and 40
the maximum elevation from the ground site. A 1064 nm
uplink beacon may be used to initiate a link (between the
ground station and the satellite) when the satellite is above the
horizon.

Referring back to FIG. 1, an LEO satellite may detect the 45
beacon 102 in a wide field. High precision uplink tracking
may be performed using a narrow-field quadrant detector
106. The different electronics 108-112 may then initiate an
808 nm beam 118 downlink (e.g., via the electro-optic
waveguide beam steering device 114). The satellite tracking 50
may end when the downlink file is empty.
FIG. 5 illustrates an exemplary receiver that may be used

for downlink tracking and pointing in accordance with one or
more embodiments of the invention. In other words, FIG. 5
illustrates further details of components 102-106 of FIG. 1. 55
The uplink or incoming beam 102 is received in an aperture
lens 104 (e.g., a 2.5 cm aperture lens) that focuses the uplink
beam 102 onto the detector 106.
The uplink beam 102 is split via beam splitter 502 and

directed to a wide-field quad detector 504 (for lower resolu- 60
tion) as well as a narrow-field quad detector 506 (high reso-
lution) and then directly summed 508 (e.g., as part of a posi-
tion sensing photodiodes such as a quadrant avalanche
photodiode tracking detector (APD)). With a quad detector,
the wide and narrow field quad detectors 504-506 are used 65
together to determine the position of a centroid of the uplink
beam 102 by comparing the signals from four quadrants.

6
Thereafter, the resulting information (e.g., position and ori-
entation) is forwarding to the beam steering elements (e.g.,
which is controlled via tracker electronics 108, control elec-
tronics 110, and waveguide drive electronics 112 of FIG. 1).

Using the above described configurations, optical commu-
nications can enable high multi-Mb/s bandwidth links from
power-constrained LEO satellites. For example, a 40 Mb/s
link may be achieved with 100 mW transmitted power into a
20 cm ground receiver. Further, a 10 W multi-beam uplink
beacon in a 0.5 mrad beam may provide sufficient power in a
2.5 cm satellite aperture lens to support micro-radian pointing
of a downlink beam. Accordingly, the beacon serves as a
tracking reference for the satellite to point its downlink to the
ground station. The multi-beam (uplinks from typically four
lasers) beacon mitigates the effects of atmospheric turbulence
on the uplink beam presenting an unscintillated tracking ref-
erence for the satellite.
Logical Flow
FIG. 6 illustrates the logical flow for steering an optical

beam on a LEO satellite in accordance with one or more
embodiments of the invention.
At step 602, the position of an incoming (uplink) optical

beam received (on the LEO satellite) from a first of one or
more ground stations is detected. Such detection may be
performed by a quadrant avalanche photodiode tracking
detector. Further, the incoming optical beam may be received
via a receiver aperture lens that focuses the incoming optical
beam onto the tracking detector.
At step 604, orientation information of the incoming opti-

cal beam is determined (based on the position).
At step 606, the orientation information is received and

used to control waveguide electronics.
At step 608, the wave guide electronics are used to control

a voltage that is applied/provided to an electro-optic
waveguide beam steering device.
At step 610, the electro-optic waveguide beam steering

device steers an outgoing (downlink) optic beam to one or
more ground stations based on the voltage. To steer the beam,
the voltage may be applied to an electrode having an interface
to a beam propagation direction. When the voltage is applied,
an index under the electrode is changed relative to a surround-
ing area and the outgoing optical beam is steered via Snell's
law refraction. In other words, the electro-optic waveguide
beam steering device utilizes a voltage to alter the properties
of a liquid crystal cladding, thereby causing a light beam to
refract in a discernable direction that has a known (e.g., a
proportional) relationship to the voltage. Further, the outgo-
ing optical beam may be continuously steered and locked
onto one or more ground stations (i.e., to maintain optical
communications while the LEO satellite is orbiting/travelling
at approximately 17,000 mph). Of note is that the outgoing
downlink optical beam is not merely a reflective beam or a
transponder beam based on the incoming uplink beam.
Instead, a separate optical beam source (i.e., separate from the
ground-based beam source of the uplink beam) is utilized and
is steered in a discernable and desired location via the voltage
applied to the waveguide beam steering device.

CONCLUSION

This concludes the description of the preferred embodi-
ment of the invention. The foregoing description of the pre-
ferred embodiment of the invention has been presented for the
purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise form
disclosed. Many modifications and variations are possible in
light of the above teaching. It is intended that the scope of the
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invention be limited not by this detailed description, but
rather by the claims appended hereto.
What is claimed is:
1. A high bandwidth satellite downlink communication

system comprising:
an onboard tracking detector, installed in a satellite, that

detects a position of an incoming optical beam from a
first ground station of one or more ground stations;

tracker electronics that determines orientation information
of the incoming optical beam based on the position;

control electronics that receive the orientation information
from the tracker electronics, and control a waveguide
drive electronics based on the orientation information;

the waveguide drive electronics that controls a voltage
provided to an electro-optic waveguide beam steering
device; and

the electro-optic waveguide beam steering device that
steers an outgoing optical beam from the satellite to one
of the one or more ground stations based on the voltage,
wherein the electro-optic waveguide beam steering
device steers the outgoing optical beam by applying the
voltage to an electrode having an interface to a beam
propagation direction, and wherein as voltage is applied,
an index under the electrode is changed relative to a
surrounding area and the outgoing optical beam is
steered via Snell's law refraction.

2. The system of claim 1, wherein the tracking detector
comprises an on quadrant avalanche photodiode tracking
detector.

3. The system of claim 1, further comprising a receiver
aperture lens that focuses the incoming optical beam onto the
tracking detector.

4. The system of claim 1, wherein the electro-optic
waveguide beam steering device provides 2-axis control over
a field of view.

5. The system of claim 1, wherein the outgoing optical
beam is continuously steered and locked onto the one of the
one or more ground stations.

6. The system of claim 1, wherein the electro-optic
waveguide beam steering device further enables free space
optical (FSO) communications by steering the outgoing opti-
cal beam to one or more moving vehicles within a theater
area.

8
7. A method for steering an optical beam on a satellite

comprising:

detecting, on a satellite, a position of an incoming optical
beam from a first ground station of one or more ground

5 stations;

determining orientation information of the incoming opti-
cal beam based on the position;

receiving the orientation information and controlling a

10 waveguide drive electronics based on the orientation
information;

controlling, via the waveguide drive electronics, a voltage
that is provided to an electro-optic waveguide beam
steering device; and

15 steering, via the electro-optic waveguide beam steering
device, an outgoing optical beam from the satellite to
one of the one or more ground stations based on the
voltage, wherein the steering comprises applying the
voltage to an electrode having an interface to a beam

20 propagation direction, and wherein as voltage is applied,
an index under the electrode is changed relative to a
surrounding area and the outgoing optical beam is
steered via Snell's law refraction.

8. The method of claim 7, wherein the detecting is per-
25 formed by a quadrant avalanche photodiode tracking detec-

tor.

9. The method of claim 7, further comprising focusing, via
a receiver aperture lens, the incoming optical beam onto the

30 tracking detector.

10. The method of claim 7, wherein the electro-optic
waveguide beam steering device provides 2-axis control over
a field of view.

11. The method of claim 7, further comprising continu-
35 ously steered and locking the outgoing optical beam onto the

one of the one or more ground stations.

12. The method of claim 7, further comprising the electro-
optic waveguide beam steering device enabling free space

40 
optical (FSO) communications by steering the outgoing opti-
cal beam to one or more moving vehicles within a theater
area.
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